ABSTRACT. Endophytic bacteria were isolated from stems of Eucalyptus spp (Eucalyptus citriodora, E. grandis, E. urophylla, E. camaldulensis, E. torelliana, E. pellita, and a hybrid of E. grandis and E. urophylla) cultivated at two sites; they were characterized by RAPD and amplified rDNA restriction analysis (ARDRA). Endophytic bacteria were more frequently isolated from E. grandis and E. pellita. The 76 isolates were identified by 16S rDNA sequencing as Erwinia/Pantoea (45%), Agrobacterium sp (21%), Curtobacterium sp (9%), Brevibacillus sp (8%), Pseudomonas sp (8%), Acinetobacter sp (4%), Burkholderia cepacia (2.6%), and Lactococcus lactis (2.6%). Genetic characterization of these endophytic bacteria isolates showed at least eight ARDRA haplotypes. The genetic diversity of 32 Erwinia/Pantoea and 16 Agrobacterium sp isolates was assessed with the RAPD technique. There was a high level of genetic polymorphism among all the isolates and there was positive correla- tion between the clusters and the geographic origin of the strains. These endophytic bacteria were further analyzed for in vitro interaction with endophytic fungi from Eucalyptus spp. We found that metabolites secreted by Erwinia/Pantoea and B. cepacia isolates had an inhibitory growth effect on some endophytic fungi, suggesting that these metabolites play a role in bacterial-fungal interactions inside the host plant. Apparently, these bacteria could have an important role in plant development; in the future they may be useful for biological control of diseases and plant growth promotion, as well as for the production of new metabolites and enzymes.
INTRODUCTION
Endophytic microorganisms have been defined as those that reside at some phase of their life cycle within living plant tissues (Carroll, 1986; Petrini, 1991) . Endophytes have been found in all plants that have been examined (Saikkonen et al., 1998) . These microorganisms include both commensal species, which have no direct effect on the host plant, and mutualistic symbionts, which could be used in the biological control of pathogens or plant growth promotion. The intimate relationship between endophytic bacteria and their host involves co-evolutionary processes, and may influence the physiological mechanisms of plants (Misaghi and Donndelinger, 1990) . The role of endophytic communities in endophyte-plant interactions has been intensively discussed (Hallmann et al., 1997; Sturz et al., 2000) . According to these cited authors, endophytic bacteria colonize an ecological niche similar to that of phytopathogens, especially vascular wilt pathogens. This could favor endophytes as candidates for biocontrol agents (Hallmann et al., 1997) . Intensive work on biocontrol agents has shown that endophytic microorganisms isolated from surface-disinfected plant tissues exhibit potential as biocontrol agents against microbial pathogens (Pleban et al., 1995; Quecine et al., 2008; Ramesh et al., 2009) , insects (Azevedo et al., 2000) , and nematodes (Sikora et al., 2008) . It has also been shown that in some cases endophytes can accelerate seed emergence and promote plant establishment under adverse conditions (Chanway, 1997) as well as increase plant growth and hasten plant development (Ting et al., 2008) . On the other hand, the effects of endophytes may also be deleterious, possibly contributing to disease status (Araújo et al., 2002; Lacava et al., 2004) , or some endophytes may interact with other endophytic populations (Araújo et al., 2001 ). Causes of these contrasting outcomes are mostly unclear, but they are very likely affected by the complex dynamics of interactions among endophytes, which are in turn affected by environmental conditions, plant species, and soil type.
In recent years, interest in endophytic microorganisms has increased, as they play a key role in agricultural environments and are promising because of their potential use in sustainable agriculture. The study of the genetic structure of endophytic microbial populations is important for understanding not only their ecological role in nature, but also for identifying the source of genetically engineered microorganisms released into the en-vironment (Amarger, 2002 ). An analysis of genotypic and phenotypic characteristics of endophytes may help to clarify the mechanism related to endophyte-plant interaction. This comprehension may represent the basis for the utilization of endophytic populations as inoculants, due to their ability to colonize the host plant and to compete with plant pathogens. As a consequence, the development of more adapted microorganisms may be favored, thus resulting in genotype selection. The understanding of the mutual influence between host plant and genetic diversity patterns of local microbial populations seems to be a requirement for evaluating the impact of a microbial inoculum, which could affect a preexisting balance among indigenous populations. Thus, analysis of the genetic structure of microbial populations has practical importance; the results can be used to assess the fate of released strains and their impact on resident microbial communities.
For eucalyptus, the natural incidence of bacterial endophytes has not been investigated. Therefore, the aims of this study were to analyze the diversity of the culturable endophytic bacterial community of stems from six Eucalyptus species grown under field condition and to study the interaction between endophytic bacteria and some endophytic fungi from Eucalyptus spp, which would help determine if the population of endophytic bacteria was associated with a plant genotype or may be affected by the geographic origin of the plant.
MATERIAL AND METHODS

Plant material
Endophytic bacteria and fungi were isolated from six Eucalyptus species (Eucalyptus citriodora, E. grandis, E. urophylla, E. camaldulensis, E. torelliana, E. pellita, and hybrid of E. grandis and E. urophylla) , cultivated in Piracicaba, site P (IPEF, Instituto de Pesquisa e Estudos Florestais, SP, Brazil -22° 41' 44 83" S 47° 38' 34 86" W) and Itapetininga, site I (Cia Suzano de Papel e Celulose S/A, SP, Brazil -23° 32' 13 24" S 47° 50' 48 33" W). Stem samples were randomly collected from 3-year-old trees and immediately stored at 4°C. All samples were processed within 24 h after being collected.
Surface disinfection of stems
The plant tissues were washed in running tap water and graded by size and surface appearance. Any visibly damaged material was excluded. Plant tissues were rinsed with 70% ethanol, surface-disinfected with sodium hypochlorite solution (3% available Cl -) for 3 min, and rinsed once in 70% ethanol and twice in sterile distilled water. The efficiency of the disinfection process was checked by pressing the disinfected plant material onto both tryptic soy agar and potato dextrose agar (PDA). Aliquots of the water from the final rinsing solutions were also plated on the same media.
Bacterial isolation
Endophytic bacteria were isolated twice from all eucalyptus tree samples, and each stem was then cut into 15 fragments (4-6 mm), which were placed on tryptic soy agar contain-Characterization of endophytic bacteria from Eucalyptus spp ing 50 mg/mL magnate 500 EC (Imazalil) and 2 mg/mL polyvinylpyrrolidone. After 15-20 days of incubation at 28°C, the number of pieces showing bacterial growth was counted. The endophyte incidence was calculated as the percentage of pieces showing bacterial growth. Bacterial colonies were picked randomly from the stem pieces, checked for purity, and further characterized by amplified rDNA restriction analysis (ARDRA).
Fungal strains
The E. grandis endophytic fungi Rhodotorula mucilaginosa (Rho), Botryosphaeria ribis (Bot), Schizophyllum commune (Sch), Pestalotiopsis microspora (Pes), Diaporthe helianthi (Dia), Cladosporium sp (Cla), Phaeoacremonium chlamydosporum (Pha), and Coniophora marmorata (Con) were obtained from the culture collection of the Laboratório de Genética de Microrganismos, Department of Genetics, Escola Superior de Agricultura "Luiz de Queiroz", University of São Paulo, Brazil.
ARDRA-polymerase chain reaction
Bacterial DNA was extracted according to the method given by Araújo et al. (2002) , where amplification of 16S rDNA was performed in a 50-µL final volume containing 1 µL (0.5-10.0 ng) total DNA, 0.2 µM P027F primer (5'-GAGAGTTTGATCCTGGCTCAG-3'), 0.2 µM 1378R primer (5'-CGGTGTGTACAAGGCCCGGGAACG-3'), 200 µM of each dNTP, 3.75 mM MgCl 2 and 0.05 U Taq DNA polymerase (Invitrogen) in 20 mM Tris-HCl, pH 8.4, containing 50 mM KCl. A negative control [polymerase chain reaction (PCR) mixture without DNA] was included in all PCR experiments. The reaction conditions were as follows: 94°C for 4 min followed by 25 cycles of denaturation at 94°C for 30 s, annealing at 63°C for 1 min and primer extension at 72°C for 1 min, followed by a final extension at 72°C for 7 min. The reaction products were separated by running 5 µL of the PCR mixture on a 1.2% (w/v) agarose gel and staining the bands with ethidium bromide (Sambrook et al., 1989) . For ARDRA, 1 µg amplified 16S rDNA fragment (1350 bp) was digested with AluI (AGCT), MobI (GATC) or HaeIII (GGCC) restriction enzyme (Invitrogen) according to manufacturer recommendations, and the products were run on a 2.5% (w/v) agarose gel, stained with ethidium bromide and photographed under UV light.
Sequencing of 16S rDNA
For identification, the PCR product was purified using a GFX PCR DNA and gel band purification kit (Amersham Biosciences) and sequenced using the 1378R primer. Analyses of sequences were performed with the basic local alignment search tool BLASTn program run against the BLAST database (National Center for Biotechnology Information website [http:// www.ncbi.nlm.nih.gov]) and the ARB package software (Department of Microbiology, Technical University of Munich, Munich, Germany [http://www.arb-home.de]). out in a final volume of 25 µL, containing 5 ng DNA template, 0.4 mM primer, 200 µM of each dCTP, dGTP, dATP, and dTTP (Invitrogen), 5 mM MgCl 2 and 1.5 U Taq DNA polymerase (Invitrogen) in 20 mM Tris-HCl, pH 8.4, containing 50 mM KCl. The amplification profile was as follows: 4 min initial denaturation at 92°C, 40 cycles of 1 min at 92°C, 2 min at 37°C and 3 min at 72°C, followed by a final extension at 72°C for 3 min. The PCR products were analyzed on 1.4% agarose gels stained with ethidium bromide. Negative control contained water instead of DNA.
Primers used were OPP-12 (5'-AAGGGCGAGT-3'), OPP-17 (5'-TGACCCGCCT-3'), OPP-19 (5'-GGGAAGGACA-3'), OPC-02 (5'-GTGAGGCGTC-3'), OPC-08 (5'-TGGACCGGTG-3'), OPC-11 (5'-AAAGCTGCGG-3'), OPC-15 (5'-GACGGATCAG-3'), OPC-18 (5'-TGAGTGGGTG-3'), OPC-20 (5'-ACTTCGCCAC-3'), OPP-12 (5'-AAGGGCGAGT-3'), OPP-17 (5'-TGACCCGCCT-3'), OPP-19 (5'-GGGAAGGACA-3'), OPC-02 (5'-GTGAGGCGTC-3'), and OPC-08 (5'-TGGACCGGTG-3') supplied by Operon Technologies (Alameda, CA, USA).
Data analysis
The difference in total isolation frequency between Eucalyptus spp was tested by the Tukey test at 5% significance. A dendrogram was constructed based on the simple matching coefficient (S sm ) using band positions and UPGMA (unweighted pair group method with arithmetic mean) cluster analysis. A consensus tree was obtained using the Winboot software (Yap and Nelson, 1996) with 1000 bootstrap replicates.
Interaction between endophytic bacteria and fungi
Twenty endophytic bacterial isolates were collected randomly and tested for their antagonism against endophytic E. grandis fungi. This interaction was studied by co-culturing both microorganisms on PDA at 28°C for 5-10 days. Antagonistic effects of the endophytic bacteria toward fungi were evaluated by measuring the mycelial inhibition halo. To test for antagonism against yeasts, the PDA plate was inoculated with the endophytic bacterium and incubated at 28°C for 24 h; the plate was then treated with chloroform for 2 h and incubated for 4 h to allow evaporation of the chloroform, and 50 µL of a yeast suspension (10 4 CFU/mL) was spread over the plate surface. Inhibition was determined by measuring the zone of yeast growth inhibition after 24 h of incubation at 28°C.
RESULTS
Isolation of endophytic bacteria
The diversity of endophytic bacteria of Eucalyptus plants was assessed in samples of stems collected from the two different growing areas of the State of São Paulo. Endophytic bacteria were consistently isolated from all plants evaluated, and this community was composed of Acinetobacter sp, Agrobacterium sp, Bacillus sp, Brevibacillus sp, Burkholderia sp, Curtobacterium sp, Erwinia sp, Lactococcus sp, Pantoea sp, and Pseudomonas sp. No bacteria were observed on control plates. The total isolation frequency was significantly different (P < 0.05) between plant species ( Figure 1A and B) . Partial sequences of 16S rDNA were aligned, and the relationships between endophytic isolates from different host Eucalyptus species were evaluated by a neighborjoining algorithm. Group I was identified as Erwinia/Pantoea (Figure 2A ), group II as Agrobacterium sp (Figure 2B ), group III as Curtobacterium sp ( Figure 2C ), group IV as Brevibacillus sp ( Figure 2D ), group V as Pseudomonas sp ( Figure 2E ), group VI as Acinetobacter sp (Figure 2F ), group VII as Burkholderia cepacia ( Figure 2G ), and group VIII as Lactococcus lactis ( Figure 2H ). This analysis showed that the Enterobacteriaceae group, composed of genera X, Y and W, has divergent isolates that grouped together. No relation was observed between groups and host plant or isolation site. Also, this analysis allowed the identification of some isolates: in the Enterobacteriaceae group, the isolate ECE5 is related to Enterobacter pyrinus, and EIE6, EPE6 to Pantoea stewartii, while the isolates ETE3 and EUE3 may be identified as Erwinia (syn: Pectobacterium) carotovora. In the Pseudomonadaceae group, P. fulva (isolates EIE5 and EGE7) was observed ( Figure 2E ), as well as Burkholderia cepacia (isolate EGS15), Acinetobacter haemolyticus (isolates EUE8 and ECE3) and Lactococcus garviae (isolate ECE1).
Amplification, restriction of 16S rRNA gene (ARDRA) and phylogenetic analysis
A total of 76 endophytic bacteria isolated from stems of six Eucalyptus species were randomly picked, and this sample population was characterized by the ARDRA technique with HaeIII, AluI and MboI restriction enzymes. Each enzyme generated up to three fragments per isolate, resulting in eight haplotypes after combined analysis (Table  1) . At least 20% of the isolates within each haplotype were identified by 16S rDNA sequencing (Table 1 
Diversity analysis by RAPD markers
Total DNA of endophytic bacteria belonging to the two most frequent groups Erwinia/Pantoea (group I) and Agrobacterium (group II) was amplified by the RAPD technique, with the reproducibility of the results being verified in independent experiments. Amplification patterns obtained from 16 Agrobacterium isolates exhibited a higher level of polymorphism than did those obtained from 34 Erwinia/Pantoea isolates. The relationships between the different Agrobacterium isolates as well as those between the Erwinia/ Pantoea isolates can be seen in the dendrograms based on the simple matching coefficient (Figure 3 ). These data show that there was no correlation between the groups obtained by RAPD markers and the host plants from which the endophytic bacteria were isolated. However, RAPD markers grouped Agrobacterium and Erwinia/Pantoea isolates according to isolation site. Isolates from the Suzano site, for both group, remained separate from the others, showing correlation with geographic origin of plants. 
In vitro interaction between endophytic fungi and bacteria
The growth of 12 endophytic fungi in culture medium was inhibited by endophytic bacteria. Three isolates belonging to Erwinia/Pantoea were able to inhibit Botryosphaeria ribis (strains Bot1 and Bot2), Schizophyllum commune (strains Sch1 ad Sch2), Pestalotiopsis microspora (strains Pes1 and Pes2), and Diaporthe helianthi (strain Dia), whereas the isolate Spll2 (Burkholderia cepacia) inhibited all endophytic fungi tested except Phaeoacremonium chlamydosporum and Coniophora marmorata. In fact, these two fungi were not inhibited by any endophytic bacteria (Table 2) .
DISCUSSION
Plant-associated bacteria may significantly influence plant growth positively or negatively (Hallmann et al., 1997) , and alternatively, plant conditions affect associated endophytic bacterial communities (Araújo et al., 2002; Lacava et al., 2004; Kuklinsky-Sobral et al., 2004) . In the present study, differences in frequency of endophytic bacteria were observed among Eucalyptus species, suggesting that the host species has an influence on the population of endophytic bacteria, as observed in cotton and peas, where plant colonization by endophytic bacteria is affected by plant genotype (Elvira-Recuenco and Van Vuurde, 2000; Adams and Kloepper, 2002; Raja et al., 2008) .
In our RAPD analysis, endophytic bacteria formed sub-populations, thus indicating Table 2 . Inhibition of fungal growth by bacteria in vitro. Rho = Rhodotorula mucilaginosa; Bot = Botryosphaeria ribis; Sch = Schizophyllum commune; Pes = Pestalotiopsis microspora; Dia = Diaporthe helianthi; Cla = Cladosporium sp; Pha = Phaeoacremonium chlamydosporum; Con = Coniophora marmorata. -, No inhibition; +, weak inhibition (<5 mm); ++, moderate inhibition (<10 mm); +++, strong inhibition (>10 mm).
that they were specifically suited to colonizing their respective niches and had specific phenotypes. For example, Agrobacterium isolates with the same ARDRA profile formed at least two different groups (Figure 3B ), the first isolated from Suzano and the second from IPEF, which may indicate adaptation to an endophytic environment and geographic area. A similar result was observed for population. In other words, isolates from the Suzano site may be present only in this area and have physiological and genetic characteristics that result in a close association with plant tissues inside host plants. These results confirmed that the genomic backgrounds of endophytic bacteria were related to the geographic origin. This phenomenon is universal, and had been found in endophytes (Li et al., 2008) . Management practice applied in the fields may induce stress on the microbial communities and, as a consequence, reduce the genomovar diversity of Burkholderia cepacia (Fiore et al., 2001) . Analysis based on the sequence of the 16S rRNA gene represents a highly accurate and versatile method for bacterial classification and identification, where the features of this molecular target, the universal distribution among bacteria and the presence of species-specific variable regions make it a useful tool not only for detection and identification of environmental isolates but also for phylogenetic analysis (Kwon et al., 1997; Sun et al., 2008) . The result of our screening for culturable Eucalyptus endophytic bacteria clearly indicated that a wide range of microorganisms, from diverse phylogenetic affiliations, could inhabit Eucalyptus plant tissues. The most representative groups were assigned to the Enterobateriaceae (Pantoea/Erwinia) and Agrobacterium genera; therefore, these microorganisms may be considered the dominant groups in Eucalyptus. This stable biodiversity is considered to be the most important condition in the establishment of any ecosystem. Recent evidence obtained by cultivation-based and molecular analysis suggests that the Enterobacteriaceae group are the most important endophytes in peas (Elvira-Recuenco and Van Vuurde, 2000) , Eucalyptus (Coutinho et al., 2002) and citrus (Araújo et al., 2001 ) and can be isolated from other plant species (Wang et al., 2006; �hang et al., , Li et al., 2008 Torres et al., 2008) . EnterobacWang et al., 2006; �hang et al., , Li et al., 2008 Torres et al., 2008) . Enterobacet al., 2006; �hang et al., , Li et al., 2008 Torres et al., 2008) . Enterobacteriaceae have been isolated from many different plants species, suggesting that these bacteria have developed an evolutionary niche within plants (Lodewyckx et al., 2002; Waleron et al., 2002) . Previously, Kuklinsky-Sobral et al. (2004) found that these endophytic bacteria of soyPreviously, Kuklinsky-Sobral et al. (2004) found that these endophytic bacteria of soybean had the potential for promoting plant growth by the production of IAA, solubilization of mineral phosphate, and nitrogen fixation. Previous study has shown that Eucalyptus plants seem to be intensively colonized by Enterobacteriaceae, which may result, in some conditions, in the development of plant disease (Coutinho et al., 2002) . The cited authors observed that although many Enterobacteriaceae species were observed, Pantoea ananatis was described as the causal agent of dieback of Eucalyptus species. The continuum of antagonistic-mutualistic interactions for any two interacting species depends on phylogenetic and life history constraints, geography, interaction with other species in the community, and abiotic factors (Saikkonen et al., 1998) . However, in the present study, no dieback symptoms were observed, suggesting that this pathogenic bacterium is not present in the Eucalyptus plants evaluated.
Endophytic bacteria obtained in this study exhibit antagonism against endophytic fungi (Botryosphaeria ribis, Schizophyllum commune, Pestalotiopsis microspora, Diaporthe helianthi, Cladosporium and Rhodotorula mucilaginosa) obtained in a previous study. These bacteria belong to Erwinia/Pantoea and Burkholderia cepacia, which suggests that some competition between these microorganisms may occur inside Eucalyptus plants. In rice, Bacillus, Pantoea and Burkholderia inhibit the growth of phytopathogenic fungi such as Magnaporthe grisea, Fusarium moniliforme and Rhizoctonia solani (Yang et al., 2008) . Many of the Burkholderia isolates from sugarcane produced antifungal metabolites (Mendes et al., 2007) , indicating that a complex interaction occurs inside the host plant. This antagonism displayed by endophytic bacteria against phytopathogenic fungi may be used to control several plant diseases (Cho et al., 2007) . An understanding of the factors affecting the population of endophytic bacteria is necessary to achieve a consistent application of these bacteria. The presence of endophytic bacteria in Eucalyptus suggests that they can be utilized in future application, such as to enhance agricultural production, decrease susceptibility to disease and increase resistance to stress conditions.
In conclusion, intraspecific biodiversity enables environmental microorganisms to adapt to changing habitats, resulting in a particular biotype that responds best to the stress being favored. Moreover, the decrease in bacterial population is significantly influenced by location of the host plant, because it creates an environment in which another genotype will be the superior competitor. In an environment that affords ecological opportunity and where selection has favored the evolution of niche-specialist genotypes, the maintenance of coexisting genotypes is assured through the operation of densitydependent processes. Assuming a constant primary resource, the fitness of a niche-specialist genotype will be a function of the availably of the primary resource. Therefore, selection will operate in a negative frequency-dependent manner, favoring genotypes when they are rare (because resources will be most abundant) but not when they are common (because resources will be scare and competition intense).
